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1 Voltage Droop Control Design for DC Microgird
Review
Coming as an answer for the high demand of renewable energy (especially at
distribution level) and seeing the benefits of Direct Current (DC) microgrid concept
(both technical and economical) that enables the integration of renewable sources,
this thesis proposes a voltage droop control strategy for a generic grid connected
DC microgrid to ensure stability and performance of the system.
DC microgrids can have different configurations with different renewable sources
that affect the system in a certain way. In this thesis only solar generation is consid-
ered using a simplified model. Since it desired to design this control strategy so that
is applicable to any microgrid configuration (with minor changes), a generic multi-
terminal configuration has been analyzed. All components of this configuration are
interconnected through power electronic converters. Focusing on the DC side of the
microgrid, these converters are responsible for maintaining the grid voltage under
reasonable limits. For this purpose, a power based droop control solution is pro-
posed to control the DC voltage fast, as well as to establish power sharing between
converters connected to the DC grid.
All grid elements affect the droop performance in a certain way. In order to
perform a proper design, a complete dynamic analysis is described, by creating
a detailed linear model of the entire system. Based on this linear model, certain
control techniques are applied to determine the best droop constants to ensure that
the performance specifications are met (keep the voltage within the limits and avoid
over currents in converters)
This droop design is validated through simulations in Matlab/Simulink, where
a three terminal microgrid is analyzed (a PV plant is connected to the AC grid
through two identical voltage source converters). Linear and non linear models
show identical dynamics. The droop controller responds adequately to the changes
caused by the intermittent nature of solar radiation, and keeps the voltage within the
limits, which confirms that the linear model is suitable for droop design.
The droop design shows an adequate response of the system. This design can be
applied to any multiterminal configuration with some changes in the linear model
and the tuning process. This methodology is also validated through a paper for the
2017 International Conference on DC Microgrids (ICDCM)
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1. Preface
1.1 Context
Renewable energy is one of the most popular topics of current days, debated at
a global level by many administrations, companies and institutions. This transition
to the so called "clean energy" is not only necessary for the planet’s ecological sur-
vival; it’s critical to the health and well being of every person [1]. It has a huge
implication in every aspect of todays society: social, economical, political, environ-
mental etc. Issues like global warming, climate change, high oil prices triggered a
large interest in this field, in the last years. Many countries have taken action to-
wards this mitigation. For example European Union has set a directive to achieve 20
% renewable generation by the year of 2020. This rapid deployment in renewable
sources, with many benefits, rises some technical challenges.
One challenge (which is of interest in this thesis) is incorporating these renew-
able sources in the distribution system with high efficiency, minimal costs, and
keeping the system stable. Before connecting a significant amount of renewables to
the power grid, the existing network must suffer some changes in order to:
• allow a bi-directional power flow, meaning the end user will be able to con-
tribute to the electricity supply. This is to ensure stability in the grid when
adding more distributed sources;
• have a grid management system who’s purpose is to reduce peak loads, mak-
ing the grid more flexible and ensuring security of supply;
• improve interconnection of grids on all levels for more reliability and stabil-
ity;
• introduce mechanisms that ensure stability and control of the grid (power
balance, frequency, voltage) to cope with the intermittent nature of renewable
sources;
Smart grid concept can be applied to enable these changes, by combining grid
elements of smart functionality with communication and information technologies
for a better efficiency, reliability, flexibility, along with other benefits. By means of
power electronics (key component in smart grid technology) future renewable plants
will be able to participate in the frequency control by regulating the active power
flow (with proper algorithms) and control the voltage, fault ride-through capability
and reduce losses through reactive power control [2].
1.2 Origin of the project
At residential and/or commercial level, photovoltaic panels (PV) are considered
the most obvious and suitable choice when it comes to green electricity [3]. Running
costs are low, they fit well from an aesthetic point of view, but they do not generate
electricity during night time.
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From this viewpoint we will have a PV integration walk through, from the power
plant itself to the local consumer. PV modules produce DC power. This power needs
to be converted to AC and also synchronized with the commercial grid frequency, to
reach the end user. To reduce power losses over the transmission network, the volt-
age level needs to be increased. Before it reaches the residential outlet, the power is
changed to a lower voltage level, through a series of substations and transformers.
So an efficient transmission and distribution system needs to be considered related
to cost, lifetime, and intermittent nature of solar radiation.
DC microgrids become a more and more interesting idea whose purpose, among
many others, is to minimize or eliminate these conversions that causes a high pro-
portion of losses. According to [4] DC microgrids reduces these conversion losses
from 32% to 10%. Lots of research has been done for DC microgrids as an integra-
tion tool for renewable sources. Technical and economical benefits become more
and more evident but they also raise a series of challenges. One of the challenges,
that is addressed in this thesis, is assuring voltage stability in the system when these
solar plants are connected to the grid through a DC microgrid
1.3 Benefits and challenges of DC microgrids
Apart from integrating more renewables, DC microgrid concept has many other
advantages and applications. For example, different DC microgrid architectures
can facilitate the design of ultra-available power sources for critical loads, such as
hospitals, security units, data centers etc [5]. Statistically it has been proven that,
for critical loads, DC systems have a higher availability over AC systems (at least
two orders magnitude higher) [6]. On top of that DC facilitates integrating majority
of modern electronics since all of them internally work on DC supply.
Coming back to renewable sources, a few advantages are worth mentioning
when using DC microgrid technology:
• Reduced power losses in the system by reducing the number of AC/DC con-
versions;
• Loads can be supplied with energy through the distribution line when there
is a blackout in the commercial grid; but to have high local availability it
is important to have different power sources in reduntant architectures, or to
have local storage [5];
• There is no need to synchronize distributed generators;
• Fluctuations of generated power and also of the loads can be compensated
through energy storage modules;
• The system does not require long transmission lines, or high capacity lines;
Among so many benefits, this concept rises a couple of difficulties. As men-
tioned before DC systems do not experience harmonic issues because the funda-
mental frequency of a DC system is 0 Hz and integral of multiple frequencies of
0 Hz other than the fundamental does not exist. But in reality voltage oscillations
could come from grid resonances, controller interactions so, the discussion of har-
monics to DC system is relevant. In microgrids multiple power electronic converters
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are connected to a DC bus and nonlinear effects of these converters can cause oscil-
lations, damaging resonance or unacceptable electromagnetic interferences (EMI).
Special filters must be designed to mitigate these "harmonic" currents.
Another issue that needs to be addressed in microgrids is the impact of fault
currents. In DC systems fault currents can be drawn only through converters, so
the current is limited by the power rating of these converters. Low available fault
current in the system can create voltage disturbances in other points and also makes
difficult to select the proper protection settings that will accurately differentiate be-
tween fault current and heavy load condition.[7] In addition the DC distribution
system will also suffer from absence of periodic 0 crossings. This is especially
problematic for arc faults.
Grounding is another problem that needs attention and is closely related with the
fault issue discussed earlier. The grounding configuration has an impact on power
quality and safety of the system in fault conditions.
1.4 Motivation of the project
Microgrids have some challenges that need to be dealt with. One of them is the
intermittent nature of solar radiation which causes serious issues in voltage stability.
In this thesis, the focus more in the control part of the microgrid to ensure stability
in the system. More specifically, a control strategy based on voltage droop control
that takes into account all grid dynamics is proposed. There are some other droop
strategies presented in the literature such as current based droop controllers. Here
it is suggested a power based droop control for a certain microgrid system that
aims to reduce voltage fluctuations caused by the varying output of the solar panels.
This will ensure not only the the grid stability keeping certain variables withing
their limits but also can reduce converter power ratings, with potential economical
benefits.
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2. Introduction
2.1 Scope
Renewable sources have increased in popularity in last years for a number of
reasons as described above. So the newest trend is to reduce dependency on con-
ventional power plants (with a finite resource) that have a huge impact on the en-
vironment and to rely more on renewable sources. Even though the current infras-
tructure and legislation in many countries does not allow to inject power produced
by renewables installed at household level, this will change slowly change in the
future as technical and economical benefits of microgrid concept become more and
more evident.
This thesis aims to provide a adequate control strategy, based on droop voltage
control, of a generic multiterminal DC microgrid to facilitate integration of renew-
able energy at distribution level, assuring grid stability, efficiency and a certain per-
formance level. This strategy is thought so it can be applied to different microgrid
configurations with minor changes.
2.2 Objectives
Microgrids can have different configurations and can be composed of grids of
different nature forming hybrid AC/DC systems interconnected through power elec-
tronic converters. On the DC side, these converters are in charge of maintaining to
voltage within certain levels and limits. For this purpose, a droop control strategy
is proposed to assure a fast DC voltage regulation.
To see how different elements of the DC grid affect the droop performance, a
complete dynamic analysis of the DC microgrid system is required. This is done
by performing a detailed study on the linearized model of the system. Based on
this linear model different control design techniques will be applied to on the droop
controller. Then this theoretical design is validated through a multiterminal DC
microgrid in Matlab/Simulink to test the performance.
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3. DC Microgrid
3.1 General Overview
The need for flexible and reliable power systems with communication and con-
trol systems has led to the creation of the smart grid concept [8]. Future modern
grids will need to deal with increasing distributed sources (especially renewables
sources with intermittent nature) assuring an optimum performance during and af-
ter certain events (faults, generation/load changes etc.)
A hybrid AC/DC microgrid ( element of the smart grid concept) is presented in
Figure 3.1. It has two main parts, the AC side and the DC side. The AC part consists
of the main AC grid (medium or low voltage) among with AC conventional loads.
The DC side contains all distributed generation (DG) points, charging stations for
electrical vehicles (EVs) and storage modules, all connected via DC/DC converters,
due to their DC nature.
Charging point Renewable generation Battery
Single phase 
Loads
Three phase 
loads
Grid
Transformer Inteligent switch
AC side
DC side
Figure 3.1: Hybrid AC/DC microgrid
Power electronics is a key technology in transforming the traditional power sys-
tems into smart grids because they allow a fast power flow and voltage control (in
range of milliseconds). AC/DC converters are key elements in grid connected mi-
crogrids as they synchronize the delivered power from the microgrid with the grid
frequency and require a bidirectional power flow. Active and reactive power control
is required to assure power balance and voltage stability.
Solar converters are DC/DC converters that inject generated power in the grid
and they are configured to maximizes the output solar energy by performing Maxi-
mum Power Point Tracking (MPPT).
Storage modules based on batteries also requires bidirectional DC/DC convert-
ers either to inject power in the grid or to charge the battery.
DC cable connects all parts belonging to DC current. Usually it has a resistance
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in its line. Comparing AC cable with DC cable, a few advantages can be noticed.
DC cables transfer electricity more efficiently and with less conductor material com-
pared to AC cables. Hence they offer both cost reduction and sustainability features
[9],[10].
A big variety of converter topologies can be used [8] to connect the micro-
grid to the main grid. The most common ones are Insulated-Gate Bipolar Transistor
(IGBT) based inverters, also called as Voltage Source Converters (VSC). They oper-
ate at high switching frequencies and can control independently active and reactive
power.They also reduce the injected harmonic content implying smaller filters. But
these high frequencies also imply high losses, one of the main disadvantage of this
technology.
Inverters can be classified based on levels number. Two level converter is the
most common type in low voltage applications. For high voltages a multilevel con-
figuration can be used, such as H-bridge converters or flying capacitors. [8]
Another significant requirement for microgrids and connecting renewable sources
(especially wind farms) is the voltage ride-through capability. This means that the
concerned system cannot disconnect whenever a fault occurs. This is most impor-
tant for nodes where large power is injected in the grid, enough to produce instabil-
ity in the main grid.
The following sections describe working principles and models of all microgrid
components, related to the simplified structure described in Figure 3.1.
3.2 Photovoltaic plant
For domestic power level, renewable energy based on photovoltaic modules
is one of the most popular and suitable solution, also supported by certain gov-
ernments in Europe through increasing incentives. It is important derive a proper
model of the PV plant for cost and performance evaluation. However these models
will never match real PV modules provided by a certain manufacturers because cer-
tain variables like short circuit current or the open circuit voltage will change as the
modules get older [11].
PV generation is dependent of certain variables, as described in Figure 3.2.
Ipv=f(Vpv)
Ta(°C) φ(W/m2)
Ipv
Vpvw(m/s)
Figure 3.2: PV parameters [12]
The model inputs are the solar irradiation φ , the ambient temperature T , the wind
speed w and the photovoltaic generator voltage Vpv, whereas the output is the current
which is supplied by the panel [12].
Another simple model proposed in [13] is described in Fig.3.3. This is the
simplified one-diode model that uses only four parameters. But this model doesn’t
take into account solar irradiation which may cause some voltage errors in the I-V
curve.
Voltage Droop Control Design for DC Microgird 12
Iph
Ip
Rs
D
Vp
Figure 3.3: Simplified PV model
A more complete model which takes into account parameters provided by man-
ufacturers is described in [12]. One of the advantages of this model is that it doesn’t
require any numerical method.
The output current of a PV model, as a function of voltage can be written as:
Ip = ISC[1−C1(e(
VF
C2VOC
)−1)] (3.1)
C2 and C1 are coefficients that can be expressed as:
C1 = (1− IMPPISC )(e
(
−VMPP
C2VOC
) (3.2)
C2 =
(VMPPVOC −1)
ln(1− IMPPISC )
(3.3)
where ISC is the short circuit power, VOC is the open circuit voltage, VMPP is the max-
imum power point voltage and IMPP is the maximum power point current. These
parameters can be expressed as follows:
ISC(G,T ) = ISCS
G
GS
[1+α(T −TS)] (3.4)
VOC(T ) =VOCS+β (T −TS) (3.5)
IMPP(G,T ) = IMPPS
G
GS
[1+α(T −TS)] (3.6)
VMPP(T ) =VMPPS+β (T −TS) (3.7)
ISCS, VOCS, IMPPS and VMPPS are parameters defined at standard conditions (GS =
1000W/m2) and α and β are current and voltage temperature coefficients. These
parameters described above are usually provided by the manufacturers in the data
sheet.
3.3 Storage based on batteries
Storage units, usually based on batteries, are key components in DC microgrids.
They are important to flatten the demand curve and also for the functionality of the
microgrid in islandic mode. To adapt to short term power surplus or shortage, the
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storage must charge and discharge very frequently under varying current conditions
[14].
There are multiple categories of battery models, depends on the application:
electrochemical models, mathematical models or electrical models. The electro-
chemical model is mainly used for design aspects of the batteries and relate design
parameters with macroscopic (voltage and current) and microscopic (concentration
distribution) information. Mathematical models are usually too abstract to imple-
ment in practical applications. They are useful in mathematical approaches to pre-
dict the battery behavior, efficiency, capacity or battery runtime. But they cannot
offer any I-V information which is necessary for circuit simulation and optimization
applications. Electrical models are most useful and intuitive for electrical engineers
because they use a combination of electrical components such as voltage sources,
resistors and capacitors, making them easy to implements circuit simulators.Most of
electrical models can be classified in three categories: Thevenin model, impedance
model and runtime model [15].
The most basic form of the Thevenin-based model is described in the figure
bellow:
V O
C
(S
O
C
)
Rseries Rtransient
Ctransient
R s
el
f-d
is
ch
ar
ge
Vbat
Ibat
Figure 3.4: Thevenin battery model
This model uses a resistor Rseries and an RC parallel (Rtransient and Ctransient) to an-
ticipate the battery response to transient loads at a certain state of charge (SOC),
by assuming that the open circuit voltage VOC(SOC) is constant. One of the draw-
backs of this model is that it cannot accurately predict battery runtime in circuit
simulations [15].
The impedance battery model, as described in Figure 3.5, is based on electro-
chemical impedance spectroscopy to obtain an AC-equivalent impedance model,
and then use a network equivalent (ZAC) to fit the impedance spectra. The fitting
part is a very difficult and complex process. As well as the Thevenin model it can-
not predict the battery runtime [15].
ZAC
Rseries Lseries
V O
C
(S
O
C
)
Ibat
Vbat
Figure 3.5: Impedance battery model
The runtime models, as described in Figure 3.6 is a very complex model that
simulates battery run time and DC voltage response for a constant discharge current.
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Figure 3.6: Runtime based battery models
Non of these models described above can predict both battery runtime and I-V
performance accurately and in the same time. Therefore, a combination of these
three models is desired for system integration and optimization [15].
3.4 Voltage Source Converter(VSC)
3.4.1 VSC structure
Majority of DC microgrids are connected to the grid for a safer and continuous
operation through a grid converter. Voltage source converters (VSC) are a very
popular solution to transfer power between AC and DC sides. A generic system
with a grid connected VSC is presented in Figure3.7. The converter is made of the
G
rid
 
M
ic
ro
gr
id
 U
ni
t (
Re
ne
w
ab
le
s a
nd
 S
to
ra
ge
) 
C/2
C/2
L
Figure 3.7: Grid connected VSC
bridge itself, reactor, the DC capacitor and the AC filter. It is a six pulse bridge
converter with two levels and series IGBTs in each valve. Every IGBT has an
antiparallel diode [16]. The inductance allows a smooth connection of the converter
to the grid. The DC capacitor acts as an energy storage to control the power flow
and to provide a low inductive path for turned-off currents. It also reduces harmonic
content on the DC side.
The converter controller calculates the necessary voltage time area across the
reactor to change the reactor current from the present value to the nominal one. Cur-
rent order to the controller is calculated either based on a set power/current order or
based on the DC voltage control. A reference voltage with the same amplitude and
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frequency with the the fundamental output of the bridge, is calculated. Then the
switch control signal in the IGBTs (which controls the on or off state of the switch)
is generated by pulse width modulation (PWM) where the sinusoidal reference volt-
age is compared with a triangular waveform. When the reference voltage is higher
than the tiangular signal the phase terminal is connected to the positive DC terminal
and if it is lower than it is connected to the negative terminal [16].
The microgrid unit is connected on the DC side of the converter. It can contain
photovoltaic pannels or batteries which have a DC nature but they’re often con-
nected through inverters to adjust the voltage level. Regarding wind farms, they
produce power of varying frequency so it is converted into DC before it is injected
in the grid. Overall, the DC side can be modeled as either a DC voltage source or
as a current source in parallel with a capacitor. The AC side is usually modeled by
utility grid Thevenin equivalent or in an even more simplified way as AC voltage
source [8].
3.4.2 VSC modeling
Even though the converter functions based on the switching state of IGBTs, for
control purposes (which is the main focus of the thesis) it is more convenient to use
a simplified model. This model relies on separating the AC and the DC side, as
shown in the Figure 3.8. The AC side is modeled as a three phase voltage source
va
vb
vc
EDC
C/2
C/2
IDC1 IDCm
IDC
Figure 3.8: Grid connected VSC [8]
whereas the DC side is modeled as a current source in parallel with capacitor. The
two sides are connected through a power equation that neglects converter losses.
IDC1 =
Pac
EDC
(3.8)
where IDC1 is the DC current of the current source, Pac is the active exchanged with
the AC grid, and EDC is the DC bus voltage.
The DC side capacitor is obtained from the following equation:
IDC =C
dEDC
dt
, IDC1− IDCm =CdEDCdt (3.9)
Integrating the expression above, the DC voltage as a function of current is:
EDC = EDC0+
1
C
∫ t
0
IDCdt = EDC0+
1
C
∫ t
0
(IDC1− IDCm)dt (3.10)
3.4.3 Voltage equations in the synchronus reference frame
The ac side of the converter can modeled as in Figure 3.9.
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LcRc
vza
vzb
vzc
LcRc
LcRc
va
vb
vc
v0 vz0
Figure 3.9: AC side representation of the grid converter (VSC) [8]
Based on this model the voltage equation is:vzavzb
vzc
−
vavb
vc
− (v0− vz0)
11
1
=
rc 0 00 rc 0
0 0 rc
iaib
ic
+
lc 0 00 lc 0
0 0 lc
 d
dt
iaib
ic

(3.11)
where va, vb and vc are grid voltages in the abc frame, vza, vzb and vzc are converter
instantaneous voltages in the abc reference frame, iabc are three phase currents in
abc reference frame, rc and lc are equivalent resistance and inductance. v0 and u0 are
voltages at the grids neutral and at the converter. If there is no neutral conductor the
difference between them is 0. Considering this and applying Park transformation to
the previous equation we get:[
uq
ud
]
−
[
vq
vd
]
=
[
rc lcωe
−lcωe rc
][
iq
id
]
+
[
lc 0
0 lc
]
d
dt
[
iq
id
]
(3.12)
where the qd index stands for qd reference frame and ωe is the electrical angular
velocity [8].
3.5 DC-DC converters
Even though most of renewable sources and storage units have a DC output they
need to be connected to the microgrid through DC-DC converters.
For example PV panels are connected through a boost converter to raise the
output voltage level at the nominal microgrid level and to track the maximum power
point of the solar output which fluctuates depending on the solar irradiation. The
most basic model of the boost converter is described in Figure 3.10. Based on the
Vd
L
C R Vo
Figure 3.10: Step-up DC-DC converter [17]
state of the switch the voltage equation can be written as:
Vdton+(Vd−Vo)to f f = 0 (3.13)
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where Vd is the input voltage, Vo is the output voltage, ton is the duration the switch
is ON and to f f is the duration the switch is OFF. By dividing both sides of the
converter with the switching period Ts we obtain:
Vo
Vd
=
Ts
to f f
=
1
1−D (3.14)
where D is the duty ratio. If we assume that the converter doesn’t have any losses:
VdId =VoIo (3.15)
and
Io
Id
= (1−D) (3.16)
Storage units based on batteries require a bidirectional DC-DC converter, to
provide power when other sources are not present and to accumulate energy when
the storage system is not needed.The characteristics of the converter should look
like in Figure 3.11.
Bidirectional 
DC-DC Converter
(I1<0, I2>0)
Forward Power Flow
(I1>0,I2<0)
Backward Power Flow
V1 V2
I1 I2
Figure 3.11: Bidirectional converter characteristics
One of the most popular converter used in batteries is the half bridge dc-dc
converter. A simple schematic of this converter is presented in Figure3.12.
Vo
Vd v1
Vd/2
C1
C2
vLID1
D1
D2
voi iL
I0
N1
N2
N2
Figure 3.12: Half bridge DC-DC converter model [17]
The relation between the input voltage and the output voltage for the half bridge
converter is described by the following equation:
Vo
Vd
=
N2
N1
D (3.17)
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3.6 DC cable
All distributed sources in the microgrid are connected to the grid (through volt-
age source converter). DC capacitors have a strong impact on the voltage so the first
model is just a resistor-capacitor (RC) model depicted in Figure 3.13.
RcIa Ib
Cc CcUa/2 Ub/2
Ica Icb
Figure 3.13: RC cable model [18]
Another cable model, which is more popular in simulation environments is the
classical PI model described in Figure 3.14.
RcIa Ib
Cc CcUa/2 Ub/2
Ica Icb
Lc
Gc Gc
Figure 3.14: PI cable model [18]
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4. Control Structure
4.1 AC and DC network similarities
All electric power systems must have, at any moment, between electric energy
generation and consumption. To maintain this balance, automatic control systems
are required that can respond very fast (in matter of seconds). In AC systems this is
done by Automatic Generation Control (ACG), which is a hierarchical strategy, as
seen in Figure 4.1.
Tertiary Control
Secondary Control
Controller
Internal 
Turbine 
Controller
Generator
Pm
f
f0
fΔPm0*
ΔPm*Pm*
Pm0*
Primary 
Control
Pe Pload
Figure 4.1: Conceptual AC hierarchical control scheme
Primary control is designed to adjust sudden load/generation changes. A load
decrease and/or a generation increase causes frequency changes. Each synchronous
system has a separate primary control. Power plants participating in this regula-
tion have an internal controller that constantly checks the ratio between frequency
deviation (∆f ) and power reference change (∆P∗mec), also named proportional gain.
The generator has an internal inertia that supplies the difference between electri-
cal power and mechanical power, until the primary control changes the mechanical
power accordingly. Frequency dynamics can be characterized by this linear equa-
tion, as proven in [19]:
∆ f =
f0
2HacSB
(∆Pmec−∆Pe) (4.1)
where SB is the nominal power of the machine and Hac is the inertial constant.
After the imbalance is eliminated by the primary control, the frequency will
deviate from the nominal value. On top of that systems reserve will partly be used
up, so it will be difficult to respond to new imbalances. This is where the secondary
control steps in. Its main functions are [20]:
• restore frequency to its nominal value (50 Hz in Europe or 60 Hz in North
America);
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• release used primary control reserves, so that the system can deal with new
load/generation changes;
• prevent the time deviation from increasing;
Tertiary control is an automatic or manual system that changes the working
points of participating units, to restore an adequate secondary control reserve.
It is important to note that frequency dynamics in the generators are very similar
with DC voltage dynamics in the power converter output. Using the ACG system
described earlier, an analogy can be created as seen in Figure 4.2. The generator
Tertiary Control
Secondary Control
Controller
Internal 
Power
Controller
Power Converter
Pm
ΔPm0*
ΔPm*Pm*
Pm0*
Primary 
Control
Pe
Pload
VDC
Voltage measurements
from other converters
VDC
VDC0
Reference changes 
for other converters
PWM Pm
C
Figure 4.2: Conceptual DC hierarchical control scheme
is switched with a power converter and the internal inertia becomes the DC bus
capacitor (C). Similarly, the voltage DC dynamics can be described by the following
equation, as demonstrated in [19]
∆VDC =
VDC0
2HdcSB
(∆Pmec−∆Pe) (4.2)
For the sake of analogy the Pmec and Pe were maintained and the represent the power
flowing in and out of the DC capacitor. In this equation, the term Hdc can be called
inertial constant of the dc bus capacitor (it doesn’t represent the same concept as
Hac) . This term represents the ratio between stored energy in the capacitor at nom-
inal voltage and the rated power of the converter Sb.
Considering the similarities between the two dynamics, as it can be seen in the
equations (4.1) and (4.2), at a first glimpse it seems normal to apply the same control
strategy. However there are some differences between the two systems that make
this idea a bit problematic.
First of all, AC voltages are characterized by three parameters: amplitude, fre-
quency and phase. Voltage magnitude is directly related to reactive power, while
frequency and phase are directly related to active power.
In DC systems, voltages are characterized by only one parameter, the amplitude.
There is no reactive power and both the power flow and the power imbalance are
reflected into the voltage magnitude, so its difficult to apply the same strategy [19].
4.2 DC microgrid control challenge
A generic multiterminal DC microgrid scheme can be seen in Figure 3.5. This
system is built to connect multiple generation plants in the distribution grid. All
converters are interconnected in the DC side of the grid.
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Solar converters are DC/DC converters that inject generated power in the grid
and they are configured to maximizes the output solar energy by performing Maxi-
mum Power Point Tracking (MPPT).
Grid side converters, apart from transforming the generated power into AC
power and synchronize it with the grid, also control the DC voltage.
Solar 
Farm
Solar Converter Grid Converter
AC Grid
Solar 
Farm
Solar Converter Grid Converter
AC Grid
DC Microgrid
Figure 4.3: Multiterminal DC microgrid [21]
The multiterminal DC microgrid poses multiple challenges because connected
elements continue to change in terms of power and voltage level. Different convert-
ers are interfacing the DC microgrid with the AC system. This makes controlling
DC voltage quite difficult. Different control strategies can be applied, either using
a single or several converters to maintain the voltage in the desired limits. Using a
single converter is a simple solution because only that one controls the DC voltage
in the system whereas the others operate in power regulation mode. This method
presents some drawbacks, such as power sharing among converters or loss of the
main converter due to an outage that would create a grid failure.
4.3 Other control strategies
There are multiple control strategies proposed in the literature to deal with all
these issues. In [22] hierarchical control architecture is depicted, where the author
focuses on primary and secondary control of a DC microgrid. Each converter con-
nected to the grid has a local controller or LC (primary control) which is coordinated
and supervised by a microgrid central controller or MGCC (secondary control). AC-
DC converters are controlled using a vector decouple technique, whereas DC-DC
converters (associated with the distributed generation) is controlled using a tracking
maximum power point algorithm.
The author in [23] presents a fuzzy control strategy combined with dynamic
programing for a small type islanded DC microgrid, to keep the power balance
between generation and load and keep the voltage stable. The design for the Fuzzy
Logic Controller has multiple stages which can be resumed in a Multiple Input
Multiple Output (MIMO) control system.
In [24] it is presented an agent-based distributed hierarchical control strategy of
DC microgrid systems. This architecture consists of primary current sharing control
based on an adaptive virtual resistance, secondary voltage restoration control and
tertiary agent for global information discovery and optimization.
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This thesis proposes a control strategy for a multiterminal DC microgrid with
multiple renewable sources and to observe the system behavior. The control system
is designed taking into account the complete dynamics of the multiterminal grid,
including linearized dynamics of the AC and DC grid and the converter controllers
[8].
4.4 Proposed control strategy - droop voltage control
The alternative solution would be to regulate the DC grid voltage employing
distributed droop control using several converters. This method is applied locally
at each converter, so there is no need for communication between them. Absence
of the communication link improves reliability without adding any constraint re-
garding physical location of the module. Also this method allows power sharing
between converters acting over the power loop as it can be seen in Figure 3.6. Any
deviation in power sharing can be compensated using upper level controllers that
operate in a slower time frame. A complete droop control scheme is presented in
Figure 3.6. The upper control system will not be considered in this analysis; this
thesis will focus on the droop design considering the overall grid dynamic behavior
[21],[25].
K1Gp(s)
Gu(s) U*
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q*
icd*
Current
Loop
ucqd*AC
Grid Converter 1
ucqd
icqd
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q*
icd*
Current
Loop
ucqd*AC
Grid Converter n
ucqd
icqd
P
U
Pn
DC
Grid
Upper 
Control
E1
En
E1*
En*
En+1
Em
Pm
Pn+1
Figure 4.4: Complete microgrid control scheme
There are multiple types of droop control presented in the literature. Here the it
will be presented the power-based droop control method. For n converters the law
can be expressed as:
P∗ = K (E−E∗) (4.3)
where E is the the voltage measured at the DC terminals of the converter, E∗ is the
reference voltage for the droop controller (it can be different for each converter),
K is the droop constant an P∗ that goes in the power loop (as seen in Fig.3.6).
This power controller (Gp) regulates the power going through the converter to track
the DC grid voltage reference, also considering a DC voltage error caused by the
proportional nature of the droop controller. AC voltage is controlled by the voltage
regulator Gu. The outputs of the power and AC voltage regulators go in the inner
current loop, that applies voltages in the AC grid.
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Dynamics of interconnected systems can affect voltage regulation. So, to per-
form a proper control, different dynamics must be considered, such as DC grid
dynamics, AC grid dynamics, converters and filters dynamics [21].
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5. System Linear Modeling
As mentioned before, for a proper control design that includes system dynamics,
linear model of the entire grid must be derived. This chapter will present some basic
elements of linear system theory and will derive linear model of the system that will
be used in the controllers design procedure.
5.1 State-space reprezentation
Let us consider a general system, whose inputs are represented by vector u (of
order m×1) and the outputs represented by vector y (of order l×1). This system is
described by the state vector x (of order n×1 ). The non-linear state space model is
described by:
.
x= f (x,u) ; y = g(x,u) (5.1)
where
.
x= dxdt and f and g are nonlinear functions. After linearization, the linear
state-space model of the above system looks like:
.
x= Ax(t)+Bu(t) (5.2)
y(t) =Cx(t)+Du(t) (5.3)
where:
• A is the state matrix of order n×n;
• B is the input matrix of order n×m;
• C is the output matrix of order l×n;
• D is a matrix of order l×m;
Usually the dependence of time for x, y, u is neglected to simplify things. Then
the system becomes linear-time invariant (LTI):
.
x= Ax+Bu (5.4)
y =Cx+Du (5.5)
These equations describe the dynamic behaviour of a rational, linear system.
This system can be rewritten in a matrix form as:[ .
x
y
]
=
[
A B
C D
][
x
u
]
(5.6)
In equations (5.2) and (5.3) u represents all independent variables. Usually there
are three kind of independent variables: manipulated inputs u, disturbances d and
measurement noise n (but it is disregarded in this thesis). For a more complex
analysis these variables must be considered and the LTI state space must be updated
[26].
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5.2 AC Grid Modeling
In this section, the converters grid connection will be further analyzed and a
linear model will be derived. The converter is connected to the grid through an
inductance and capacitance filter (LC) as it can be seen in Figure 5.1 [21].
igabc
eabc
LgRg
uabc
Cf
PCC
LcRc
Grid filter
Converter v
abc
Ij
Ej Cj
Figure 5.1: VSC connected to the grid
The grid is modeled as a simple Thevenin equivalent. Including the LC filter in
the model, the state-space representation of the converter is:
dxlc
dt
= Alcxlc+Blculc (5.7)
where Alc and Blc are:
Alc =

−RcLc −ω 1Lc 0 0 0
ω −RcLc 0 1Lc 0 0
− 1C f 0 0 −ω
1
C f
0
0 − 1C f ω 0 0
1
C f
0 0 − 1Lg 0 −
Rg
Lg
−ω
0 0 0 − 1Lg ω −
Rg
Lg

(5.8)
Blc =

− 1Lc 0 0 0
0 − 1Lc 0 0
0 0 0 0
0 0 0 0
0 0 1Lg 0
0 0 0 1Lg

(5.9)
Lc is the converters filter inductance, Rc is the parasitic inductance, ω is the grid’s
frequency (ω = 2pi f ) and Lg and Rg are inductance and resistance from the grid
Thevenin equivalent. For the LTI system described in equation 5.7 the state vector
will be:
xlc = (iqc , i
d
c ,u
q,ud, iqg, i
d
g) (5.10)
where iqdg are the currents flowing from the point of common coupling (PCC) to the
converter, iqdg are currents flowing from the grid and uqd are voltages at the PCC.
The input vector will be:
ulc = (vq,vd,eq,ed) (5.11)
where eqd are grid voltages and vqd are voltages applied by the converter at the
grids frequency. After linearizing the previous equations, the state-space model
will become:
d∆xlc
dt
= Alc∆xlc+Blc∆ulc (5.12)
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∆ylc =Clc∆xlc+Dlc∆ulc (5.13)
where Alc and Blc are matrices as defined in 5.8 and 5.9. Clc and Dlc matrices will
be defined as:
Clc =

0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 u
q
0
U0
ud0
U0
0 0
0 0
3iqg0
2
3idg0
2
3uqg0
2
3udg0
2
3vqg0
2
3vdg0
2 0 0 0 0

(5.14)
Dlc =

0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
3iqc0
2
3idc0
2 0 0

(5.15)
where uqc0 , u
qd
0 , i
qc
0 , i
qd
0 and U0 are variables at the linearization point. The linearized
state variables will be the form of:
∆xlc = (∆iqc ,∆i
d
c ,∆u
q,∆ud,∆iqg,∆i
d
g) (5.16)
The linearized inputs will be:
∆ulc = (∆vq,∆vd,∆eq,∆ed) (5.17)
The linearized outputs will be:
∆ylc = (∆iqc ,∆i
d
c ,∆u
q,∆ud,∆iqg,∆i
d
g,∆U,∆Pu,∆P) (5.18)
where U represents the voltage magnitude at PCC, Pu is the power going into the
AC grid and P is the power going through the converter. All variables with a q or d
in the index are variables in the qd reference frame [21]. More details about it can
be seen in appendix A.2.
5.3 Phased-Locked Loop (PLL)
The phased-Locked Loop is used to determine the angle (and by consequence
the angular speed) of an electric network and to orientate the converter controllers
with this angle. A simple PLL scheme can be seen in Figure 5.2.
The three phase PLL consists of a feedback loop that filters the d component of
the voltage through a PI regulator. The output of this controller gives the angular
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Kpll(s) 1s
Tpark(θ)
Va Vb Vc
Vq
Vd
0 ω θ
Figure 5.2: Phased Locked Loop
velocity of the grid the integration of this signal gives the angle of the grid which is
used for the Park transformations.[8] The PI regulator is:
Kpll = Kp−pll +
Ki−pll
s
(5.19)
The method used to determine the gains of this regulator will be presented in the
next chapter. The dynamics of the PLL introduce a deviation between the real
grid angle and the estimated angle, mostly during voltage transients. To introduce
deviation in the converter linear model, the PLL will be linearized as follows:
∆eθ =−
Kp−plls+Ki−pll
s2+uq0Kp−plls+u
q
0Ki−pll
∆ud (5.20)
where eθ represents the difference between the grid angle and the estimated angle
by the PLL, that must be included in the model variables. This effect is represented
as rotation of the deviation between both angles. By consequence, two synchronous
reference frames variables are created: xqd , based on the grid angle and xqdc based
on the PLL estimated angle. The relationship between this two references is given
by:
∆xqdc = T qdc (∆x
q,∆xd,∆eθ )T (5.21)
where T qdc is the transformation matrix the references, described as:
T qdc =
[
cos(eθ0) −sin(eθ0) −sin(eθ0)xq0− cos(eθ0)xd0
sin(eθ0) cos(eθ0) cos(eθ0)x
q
0− sin(eθ0)xd0
]
(5.22)
The inverse transformation is defined as:
∆xqd = T qd
−1
c (∆x
qc,∆xdc,∆eθ )T (5.23)
where T qd
−1
c is:
T qd
−1
c =
[
cos(eθ0) sin(eθ0) cos(eθ0)x
q
0− sin(eθ0)xd0
−sin(eθ0) cos(eθ0) −cos(eθ0)xq0− sin(eθ0)xd0
]
(5.24)
where eθ0 is the deviation at linearization point and xd0 and x
q
0 are grid oriented
variables in qd reference frame at the linearization point [21],[25].
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5.4 Current Loop
Current control is a strategy based on vector control that has a decoupling loop
and uses to PI regulators to track current references in each axis frame to output
voltages in the AC side of the VSC, as seen in Figure 5.3. This loop uses variables
Tcqd
ΔigqdΔeθΔig
qdc
Pcalc ΔuqdcΔigqdc
ΔPu*Gp(S)
Gu(s) ΔU*
Ucalc Δuqdc
Tcqd
Δuqd
ΔeθΔuqd
ΔicqdcωLc
ωLc
GCL(s)
GCL(s)
Δicdc
Δicqc
Δicq*
Δicd*
Δuqc
Δudc
Tcqd
-1 ΔeθΔvqd
Tcqd
ΔicqdΔeθΔic
qdc
Current loop
Power
Voltage
Loop
Figure 5.3: Linearized structure of the current, power and voltage loop
calculated from the PLL estimated angle. A more detailed analysis will be given in
Chapter 5 [25].
5.5 Power and voltage loop
Power and voltage controllers are conventional PI regulators as seen in Figure
5.3. The feedback signals of these converters must be linearized in order to be
included in the model. They are calculated based on xqdc variables [21]:
∆Pu =
3
2
(∆iqcg u
q
0+ i
q
g0∆u
qc+∆idcg u
d
0 + i
d
g0∆u
dc) (5.25)
∆U =
uq0∆u
qc√
(uq0)
2
+(ud0)
2
+
ud0∆u
dc√
(uq0)
2
+(ud0)
2
(5.26)
5.6 DC grid modeling
The line between the two DC grid terminals, illustrated in Fig.5.4, is used to
represent the linear model of the DC system. It is represented using the pi equivalent
model. The equations for this model are:
Pj
Ij
Ej Cj
ILij
Rij LijEi
Ci
Pi
Solar Converter Grid Converter
Figure 5.4: DC connection between two nodes of the microgrid
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dEi
dt
=
1
Ci
(Ii− ILi j) = 1Ci (
Pi
Ei
− ILi j) (5.27)
dE j
dt
=
1
C j
(ILi j− I j) = 1C j (ILi j−
Pj
E j
) (5.28)
Ei−E j = Ri jIi j +Li j dILi jdt (5.29)
where Ei and E j are voltages at the capacitors, Ii and I j are currents flowing through
converters, Pi and Pj are the input and output powers that go through the converters,
ILi j is current flowing through the line, Ri j and Li j are equivalent resistance and
inductance of the line model and Ci and C j are equivalent capacitances at the sides
of the DC link. To include the DC current in the model, it must be linearized as:
Ii =
Pi
Ei
≈ ∆Pi
Ei0
− Pi0
E2i0
∆Ei (5.30)
where ∆Ei and ∆Pi are the linearized voltage at bus i and linearized power flowing
through converter i. Ei0 and Pi0 are variables at linearization point. Based on the
grid equations, the linearized state space model of the dc part of the microgrid is
d∆x
dt
= A∆x+Bu∆u+Bw∆w, ∆y =Cy∆x, ∆z =Cz∆x (5.31)
where ∆x is the vector containing state variables, ∆u and ∆w are vectors containing
controlled and uncontrolled inputs, ∆y and ∆z are vectors containing controlled and
uncontrolled outputs and A, Bu, Bw, Cy and Cz are matrices of suitable dimensions.
Usually, in electrical systems, inductor currents and capacitor voltages are used as
state variables. Then, the state vector is :
∆x = (∆E1, ...,∆En,∆En+1, ...,∆En+m,∆IL1, ...,∆ILp)
T (5.32)
where n is the number of converters that perform droop control, m is the number
of solar plants and p is the number of interconnected branches. The controlled and
uncontrolled inputs u and w, and outputs y and z are defined as:
∆u = (∆P1, ...,∆Pn)T , ∆w = (∆Pn+1, ...,∆Pn+m)T ,
∆y = (∆E1, ...,∆En)T , ∆z = (∆En+1, ...,∆En+m)T
(5.33)
It is worth mentioning that ∆u and ∆y are controlled variables related to grid con-
verter that controls the DC voltage. ∆w and ∆z are variables related to solar con-
verter that do not control the DC voltages.
By combining all linear models, the complete structure of the linear model of
the microgrid is shown in Figure 5.5.
Voltage Droop Control Design for DC Microgird 30
ΔP1
ΔPn+m
DC
Grid
ΔE1 ΔEn+m
ΔEiDroop
ΔE*
ΔPu*Power/Voltage
loops
ΔU*
AC
GridTcqd
-1 ΔvqdCurrent
Loop
Δvqdc
Δicqd*
ΔuqdcTc
qd
Tcqd
PLL
Δeθ ΔuqdΔeθ
Δuqd
Δeθ
ΔicqdΔicqd
Tcqd
Δigqdc
ΔigqdΔigqd
Δeθ
Figure 5.5: Complete linear model of the grid
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6. Control Design
This chapter presents the designing procedure for all control loops involved. As
presented earlier, the droop control depends on different dynamics including inner
control loops in the converter. So a detailed representation of these loops will be
presented.
6.1 Current Loop Control
Current loop is a vector control strategy that tracks current references in qd
frame to give as an output voltages in the AC side of the converter.
Based on the representation of the AC side of the converter the voltage equations
can be written similarly as in equation (6.1).[
uq
0
]
−
[
vq
vd
]
=
[
rc lcωe
−lcωe rc
][
iq
id
]
+
[
l[c] 0
0 lc
]
d
dt
[
iq
id
]
(6.1)
uq became 0, because of the PLL and it can be observed that there is coupling
between iq and id . In order to control these variables they need to be decoupled and
controlled independently. They can be decoupled using:[
vq
vd
]
=
[−vˆq+uq− lcωeid
−vˆd + lcωeiq
]
(6.2)
where vq and vd are voltages applied by the VSC and vˆq and vˆd are output voltages
of the current controllers. After applying these changes the equations become:[
vˆq
vˆd
]
=
[
rc 0
0 rc
][
iq
id
]
+
[
lc 0
0 lc
]
d
dt
[
iq
id
]
(6.3)
After applying Laplace transformation, the transfer function of the controller
will become:
vˆq(s)
iq(s)
=
1
lcs+ rc
(6.4)
vˆd(s)
id(s)
=
1
lcs+ rc
(6.5)
The controller is designed using internal model control (IMC) technique, result-
ing in the following first order system:
GCL(s) =
Kps+Ki
s
(6.6)
where Kp and Ki constants are defined as:
Kp =
lc
τ
Ki =
rc
τ
(6.7)
τ represents the time constant is set according to the desired settling time. This
represents the time the system needs to stabilize within a range of the final value.
The time is set to track the current references within a few milliseconds. To avoid
exceeding the maximum current rating of the converter, a saturation scheme is in-
cluded.
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6.2 Power and voltage loop
6.2.1 Structure and functionality
In Figure 6.1, a more explicit control scheme is presented where all control loops
are included.Two controllers can be distinguished, the power loop (Gp) which tracks
the power reference and and the voltage loop (Gu) that regulates the AC voltage.
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Figure 6.1: Converter control scheme
Since the power loop receives references from the voltage droop, fast dynamics
are required to respond to variations in the DC grid. The controller is designed
using a procedure called shaping closed-loop transfer functions. This procedure is
convenient because it automates the actual controller design, leaving the engineer
with the task of selecting bounds ("weights") for the closed loop transfer function.
In this case the weight will be the sensitivity function, a very good indicator for the
closed loop performance. The requirement for the design is to keep the H∞ of the
weighted sensitivity less than 1 [21].
6.2.2 Terms H∞ and H2
The H∞ norm is a method used to design a controller to stabilize it with a certain
performance guaranteed. One of the main advantage of this technique is that it is
applicable to multivariate systems that with cross-coupling between channels, but it
requires a good model of the system that needs to be controlled [27].
Considering a simple scalar and stable transfer function f (s), the H∞ norm of
this transfer function represents the peak value of | f ( jω)| as a function of frequency,
as expressed in:
|| f (s)||∞ = max | f ( jω)| (6.8)
It is important to mention here that the term max does not stand for the maximum
value but for the least upper bound. It would be more suitable to replace this term
with sup but for engineering purpose these terms are the same [26].
The term H∞ doesn’t have any physical meaning, its a pure mathematical whose
purpose is to reduce the peak or peaks of one or more transfer functions. The ∞
term suggests the maximum magnitude over the frequency, which can be expressed
as:
max | f ( jω)|= lim
p→∞
 ∞∫
−∞
| f ( jω)|pdω
 1p (6.9)
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Basically what this means is that when we raise | f | to an infinite power, we select
the peak value. The term H∞ comes from the mathematical space over witch the
optimization takes place. The H comes from the Hardy space of matrix valued
functions that are bounded in the open-right half of the complex plane, defined by
Re(s)> 0. So the H∞ norm represents the maximum singular value of the function
over that space (or the maximum gain at any frequency and in any direction) [26].
In the same manner, H2 represents the Hardy space of the transfer function f (s),
with bounded second norm, which is a set of stable and strictly transfer functions.
It can be defined as [26]:
|| f (s)||2 =
 1
2pi
∞∫
−∞
| f ( jω)|2dω
 12 (6.10)
The H2 norm of a semi-proper (or bi-proper) transfer function (where lim
p→∞ f (s) is a
non-zero constant) is infinite, whereas H∞ norm is finite [26].
6.2.3 Sensitivity
As mentioned earlier the H∞ norm of a semi-proper function is used to used to
tune a controller to reach a certain performance and stability level. One example of
a semi-proper function is the sensitivity function. More details of how to determine
the sensitivity transfer function, S, of a closed loop can be found in [26].
The sensitivity transfer function is a very good indicator for evaluating the per-
formance of a closed loop. The goal is to keep S as small as possible and for that its
sufficient to consider only the magnitude |S| and ignore its phase. Some specifica-
tions regarding S are [26]:
• Minimum bandwidth frequencyω∗b (the frequency where |S( jω)| croses 0.707)
• Maximum tracking error at all selected frequencies
• Maximum steady-state tracking error
• Shape of S in the selected frequency ranges
• Maximum peak magnitude of S (prevents noise amplification at high frequen-
cies)
From a mathematical point of view, these specifications can be concentrated
in an upper bound, 1|ωp(s)| , where ωp(s) is a weight selected by the engineer. The
P stands for performance, since S is the performance indicator. This requirement
becomes:
|S( jω)|< 1|ωp( jω)| , ∀ω (6.11)
||ωpS||∞ < 1 (6.12)
The last equation tells that the H∞ norm of the weighted sensitivity, ωpS, must be
less than 1 [26].
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6.3 Droop control
As described earlier, the droop design must be made considering all dynamics
involved in the system because they affect its performance. For this purpose a com-
plete linear model of the system must be employed, which includes all parts that
affect the droop operation. Dynamics of the entire system can be seen in Figure 6.2.
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Figure 6.2: DC microgrid control scheme
Before going further with the design procedure, lets see the general structure of
a feedback control system and the closed-loop transfer functions.
6.3.1 Closed-loop transfer function
For the purpose of this general analysis, a one degree-of-freedom negative feed-
back control system will be considered, as described in Figure 6.3.
r K u G
Gd
d
y
ym
n
Figure 6.3: Feedback control system [26]
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where r represents the reference signal set for the output signal of the controller y;
d is the disturbance and n is the measurement noise. The input into the plant model
G will be:
u = K(s)(r− y−n) (6.13)
where K is the actual controller. The purpose is to design K in such a way that to
keep the error e as small as possible:
e = y− r (6.14)
Considering also the disturbances, the plant model can be defined as:
y = G(s)u+Gd(s)d (6.15)
Considering the input defined in equation 6.13 the plant model can be rewritten
as:
y = GK(r− y−n)+Gdd (6.16)
(I+GK)y = GKr+Gdd−GKn (6.17)
Based on this equation the closed loop response is defined as:
y = (I+GK)−1GKr+(I+GK)−1Gdd− (I+GK)−1GKn (6.18)
where
(I+GK)−1GK = T and (I+GK)−1 = S (6.19)
We can see that T +S= I. Using this information, the error e and the plant input
signal u can be written as:
e = y− r =−Sr+SGdd−T n (6.20)
u = KSr−KSGdd−KSn (6.21)
The following notation is defined, based on [26]:
• L = GK loop transfer function
• S = (I+GK)−1 = (I+L)−1 sensitivity function
• T = (I+GK)−1GK = (I+L)−1L complementary sensitivity function
The sensitivity function S is the closed-loop transfer function from disturbance
outputs to the system outputs, and its complementary T is the closed-loop transfer
function from the reference to the output [26].
The name "sensitivity" for the function S has first been given by Bode because
it shows the relative sensitivity of T to the relative plant model error. For a certain
frequency, in a SISO (single input single output) plant this can be mathematically
defined as:
dT/T
dG/G
= S (6.22)
In a more general manner, the closed loop transfer function of a SISO system
with a negative feedback can be expressed as:
OUTPUT =
”direct”
1+ "loop"
INPUT (6.23)
where "direct" is the transfer function of the direct effect of the input to the output
and "loop" is the transfer function around the loop [26].
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6.3.2 Droop design
For design purpose Figure 6.2 will be redrawn as in Figure 6.4 in a feedback
structure to identify all closed loop functions. All closed-loop transfer functions
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Figure 6.4: DC microgrid control structure
can be written, considering all grid dynamics, as [21]:
∆e(s) = ∆y(s)−∆r(s) = (Es(s)Er(s))∆v(s)
∆uiq(s) = (U
uiq
s (s)U
uiq
r (s))∆v(s)
∆v(s) = (∆s(s)∆r(s))T
∆r(s) = (∆E∗1 , ...,∆E
∗
n)
T
∆uiq(s) = (∆iq∗c1 , ..,∆i
q∗
cn)
T
(6.24)
Er(s) and Es(s) are transfer function matrices related to droop references, r and
power injected by the solar plant into the grid s, with voltage errors at the controlled
points. In a similar manner, Uuiqs (s) and U
uiq
r (s) are matrices related to droop refer-
ences and solar power but with the active current loop reference for the controlled
converters.
The most suitable way to design the droop control is to perform a frequency
analysis on the transfer functions of the MIMO (Multiple Input Multiple Output)
system using singular value representation, or SVD (more details about it in ap-
pendix). For different droop controllers some requirements must be defined to ob-
tain the appropriate response. Usually these are:
• Desired power sharing between converters that control the voltage;
• Maximum voltage deviation allowed at grid terminals;
• Maximum deviation above the converters’ power rating;
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Usually these requirements are transformed as gain boundaries in the frequency
response of the multivariable system. The structure of the droop control can be
defined as:
K =
K1 0 ... 00 K2 ... 0
0 0 ... Kn
 (6.25)
where K1 to Kn are droop constants each of the VSCs. For a dynamic analysis, Kn
must be selected using certain tunning techniques [21].
Based on requirements described above, the singular values of the transfer func-
tion matrices of the system can be defined as:
σi(G( jω)) =
√
λi(GT ( jω)G( jω)) (6.26)
where λi represents the eigenvalue of GT ( jω)G( jω) matrix, and GT is the complex
conjugate transpose of G.
Singular values are also named sometimes principal values or principal gains and
the associated directions are called principal directions. Basically these singular
values show how the input vector of the system is seen at the output. Also the input
and output directions are related through the singular values [21].
Another method that could be used is eigenvalue decomposition but there are
some advantages of SVD that make them more suitable:
• Singular values give better information of the plants gains;
• Plant directions obtained from SVD are orthogonal;
• SVD can also be applied to non-square plants;
The maximum singular value (σ¯(G( jω))) is interesting to be analyzed because
it can show the maximum peak of an input vector oscillating at a certain frequency.
This analysis could be extended to a range of frequencies, obtaining the SVD rep-
resentation of a transfer function matrix. So, assuming a predefined power sharing
between converters the only limitations imposed are by the voltage error and the
converter current rating. These limitations are imposed as boundaries on the SVD
response that basically limits the value of Kg [21].
As mentioned before, |S( jω)| gives useful information about the controllers
performance. The maximum error e caused by an input reference r is given by:
max
r 6=0
||e||2
||r||2
= max
ω
σ¯(S( jω)) (6.27)
So to reduce any disturbances caused by the solar plant s in the voltage error e can
be understood as minimizing
σ¯(Es(s),Er(s)) (6.28)
and keeping the current flowing through the converter within the limits can under-
stood as:
σ¯(Uuiqs (s),U
uiq
r (s)) (6.29)
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7. Case Study
7.1 Proposed System
As mentioned before this thesis proposes a power based voltage droop con-
trol strategy for generic DC microgrids. For the analysis, a three terminal micro-
grid system has been proposed, but this control strategy can easily be applied to
any multiterminal configuration with some minor changes. This system has a 10
kW photovoltaic (PV) plant which is connected, through two AC-DC converters
(VSCs), to the AC grid at two different connection points, as it can be seen in the
Figure 7.1.
Solar plantGrid
Grid
VSC
VSC
Boost 
Converter
AC side DC side
D
C 
ca
bl
e
Figure 7.1: Case study DC microgrid
The two voltage source converters (VSC1 and VSC 2), that are connected to
two different AC grid points but under similar conditions, carry the droop voltage
control. The converter connected to the solar plant boosts the output voltage of the
plant and injects the power in the grid. No control strategy will be applied to this
converter so, the analysis will be focused on the two VSCs.
The AC grid will be modeled as a three-phase voltage source connected to a
grid Thevenin equivalent (as seen in Figure 5.1). For the VSCs, static model will be
used where the AC and the DC sides are separated but connected through a power
link. DC cables are represented by the classical PI model. Since the focus of this
thesis is on the control strategy, the PV plant will be modeled as a simple current
source connected in parallel with a capacitor.
The parameters used for this analysis are shown in Tables 7.1 and 7.2.
Considering all components in the model, that have been described before, a
sequential design methodology for all controllers involved will be presented. Since
the droop performance is affected not only by AC and DC grid dynamics but also
by the other controllers dynamics. Thus, inner control loops, current loop, power
loop and voltage loop design will be presented and their dynamics will be furthered
considered in the droop tunning process.
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Table 7.1: AC parameters
AC parameters Values Units
AC line to line nominal voltage 400 V
Frequency 50 Hz
VSCs nominal powers P1 and P2 10 kVA
Coupling inductance Lc 5.4 mH
Coupling resistance Rc 0.5 Ω
Filter capacitance C f 4.7 µF
Grid Thevenin ratio Rn/Xn 0.9 -
Table 7.2: DC parameters
DC parameters Value Unit
line resistance R 1 Ω
line inductance L 0.2 mH
DC link capacitors CDC 1020 µF
Reference Voltage EDC 800 V
7.2 Linear model
The system analysis and controllers design will be based on the linear model
and a comparison with the non-linear model will be performed.
The linear model of the AC system (for both converters) is derived based on
the diagram described in Figure 5.1. Then the state space model will be the one
described by equations (5.12) and (5.13).
Once the AC model is determined, the DC grid state space is derived (similar
as equation (5.31)). The defined state variables ∆x, input signals ∆u and ∆w, and
output signals ∆y and ∆z are:
∆x = (E1,E2,E3, IL13, IL23) (7.1)
∆u = (∆P1,∆P2) ∆w = (∆P3) (7.2)
∆y = (∆E1,∆E2 ∆z = (∆E3) (7.3)
and the linearized state space matrices are:
A =

− P10
C1E210
0 − 1C1 0 0
0 − P20
C1E220
0 0 1C2
0 0 P30
C1E230
1
C3
1
C3
1
L13
− 1L13 −
R13
L13
0
0 1L23 −
1
L23
0 −R23L13

(7.4)
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Bu =

1
C1E210
0
0 1
C2E220
0 0
0 0
0 0
 Bw =

0
0
1
C3E30
0
0
 (7.5)
Cy =
[
1 0 0 0 0
0 1 0 0 0
]
Cz =
[
0 0 1 0 0
]
(7.6)
After determining the complete linear model of the system, all controllers will
be designed.
7.3 Phase Locked Loop (PLL)
The PLL is used to determine the angular velocity of the grid and to synchronize
the AC side of the VSC with the grid frequency. This is done using a PI regulator
whose proportional gain (Kp) and integral gain (Ki) are determined based on the
amplitude of the AC voltage Vpeak = 326.6V and the damping ratio which is set to
ξ = 0.707. Then the gains are calculated using equations 7.7 and 7.8, derived from
[8].
Kp−pll =
ξ ·2 ·ω
Vpeak
(7.7)
Ki−pll =
ω2
Vpeak
(7.8)
7.4 Current Loop
The current loop is based on a vector control strategy in the synchronous ref-
erence frame, tuned by an IMC control technique. This control loop is made of
two identical PI controllers with a decoupling loop, to track the reference currents
in the qd frame in a certain time τ . The controller gains are calculated based on
equation 6.7. τ = 1ms is the control time constant. This time constant must be cho-
sen considering converters restriction (it should be faster than converters switching
frequency) but since here it is used a static model for the converter, this particular
issue is not of interest.
Figure 7.2 shows a comparison between the linear and nonlinear model (derived
based on system equations) of the current loop response. It can be clearly seen that
the current responds accordingly to the reference change and stabilizes within the
current set time.
7.5 Power Loop
To track power references, a conventional PI controller is used. As seen in Figure
6.1, the power loop is getting its input reference from the droop voltage loop. To
avoid large deviations of the DC voltage this controller needs a fast response time.
This is obtained using optimization robust control technique.
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model
4 4.05 4.1 4.15
Time (s)
4.9
5
5.1
5.2
5.3
5.4
5.5
5.6
Po
w
er
(k
W
)
P ref
P L
P NL
Figure 7.3: Power loop response. Comparison between linear and non-linear model
The settling time for the power controller has been set to 100 ms. Fig 7.3 shows
the response for the power loop for both linear and non-linear models, both of them
matching, validating the design process.
7.6 Voltage Loop
To regulate the AC voltage, another controller is used. This is designed in the
same manner as the power loop. The voltage loop response is shown in Figure 7.4.
7.7 Voltage Droop Control
The droop control is designed considering all systems dynamics. This is done
based on the linear model determined earlier. The complete linear model of the case
study can be seen more detailed in Figure 7.5.
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Figure 7.4: Voltage loop response. Comparison between linear and non-linear
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Figure 7.5: Case study DC microgrid
After the linear model is derived some specifications are established for the
control design:
• Equal power sharing between converters;
• A 10% maximum DC voltage deviation;
• A 10% maximum transient power is allowed over the power rating of the
converter to avoid over currents;
To include these requirements in the droop design, a frequency analysis will
be performed to find the best droop constants that meet these specifications. This is
done by imposing gain limitations on the frequency response of the selected transfer
functions of the system.
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Since its a MIMO system, the SVD technique is used to get the maximum gains.
Based on the generic feedback control system described in Fig.6.3, where the dis-
turbance d is the output power of the PV plant PPV (which changes at a certain
specified time.), the plants input signals u are the reference powers for the two con-
verters (Pre f 1 and Pre f 2) and e represents the voltage errors at the droop controlled
buses (e1 and e2) two transfer functions that are to be analyzed are determined based
on equations 6.20 and 6.21. The noise is 0 since its not considered in this analysis
and the reference is assumed to be constant so, the transfer functions that are to be
analyzed, are described in Figure7.6 and Figure 7.7.
PPV SGd
e1
e2
Figure 7.6: First transfer function
PPV KSGd
Pref1
Pref2
Figure 7.7: Second transfer function
Knowing the allowed voltage deviation, the gain limit imposed to the frequency
response of the first transfer function (TF1) can be calculated as:
σ¯(T F1(0))≤ ||e(0)||2||w(0)||2
= 20log10
√
(e2max1+ e
2
max2
PmaxPV
= 20log10(
√
(800 ·0.1)2 ·2
(10 ·103) ) =−38.92dB
(7.9)
where emax1 and emax2 are maximum voltage deviations and PmaxPV is the maximum
PV power input.
In a similar manner the gain limit for the frequency response of the second
transfer function (TF2) is:
σ¯(T F2(0))≤ ||u(0)||2||w(0)||2
= 20log10
√
(P2re f 1+P
2
re f 2)
PmaxPV
= 20log10(
√
(10 ·103 ·1.1)2 ·2
(10 ·103) ) = 3.83dB
(7.10)
These constraints can be extended or narrowed with the frequency because of
the power loop limitations. It is assumed that it cannot act over 40 rad/s. Thus, the
constraint of the first transfer function can be "relaxed" allowing error deviations at
frequencies higher than 40 rad/s. The second transfer function is limited to avoid
acting with the power loop over 40 rad/s. These constraints can be seen in the
Fig.7.8
After the requirements are established, the controller can be tuned accordingly.
The power is shared equally between the two converters, requirement which is im-
posed by the system design. The droop controller for our multi-variable system is
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Figure 7.8: Frequency constraints for TF1 and TF2
defined as:
K =
[
K1 0
0 K2
]
(7.11)
Considering the areas defined in Fig.7.8, an optimization routine is performed to
find the best droop constants that fulfill both requirements. The power limitations is
set as a hard requirement to avoid exceeding rated currents in the converter whereas
the error limitation is set as a soft requirement, for the optimization tool. This tool
is able to optimize both K1 and K2 to match the specifications. The optimization
gives a value of 85 W/V for the droop controllers, to ensure that the system meets
the criteria as seen in Fig.7.9
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Figure 7.9: Frequency constraints for TF1 and TF2
7.8 System response
To confirm the design of the droop control, simulation of the entire system will
be performed to show the system response to a change of injected power by the PV
to a 10% of the nominal value. This is done to replicate the system behavior due to
a change in the solar output caused by the intermittent nature of solar radiation.
45 Voltage Droop Control Design for DC Microgird
4 4.05 4.1 4.15 4.2 4.25 4.3 4.35 4.4
Time (s)
858
859
860
861
862
863
864
865
866
V
ol
ta
ge
 (V
)
Converter 1
E1 NL
E1 L
4 4.05 4.1 4.15 4.2 4.25 4.3 4.35 4.4
Time (s)
858
859
860
861
862
863
864
865
866
V
ol
ta
ge
 (V
)
Converter 2
E2 NL
E2 L
Figure 7.10: Voltage response due to power step change
Figure7.10 shows the DC voltage response due to power step change in the PV
output. It can be seen that the voltage stays within the limits imposed in the droop
design (10% of nominal voltage) . Also the the linear and non linear models present
similar dynamics, confirming that the linear model is suitable for the droop design.
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Figure 7.11: AC currents in qd frame response due to power step change
Figure 7.11 shows AC currents (in qd frame) when the power step change oc-
curs. Linear and non linear model have a similar behavior.
Powers in the two converters can be observed in Figure 7.12. It can be observed
the equal power sharing between converters (imposed by system design). Also
linear and non-linear have a similar similar behavior.
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Figure 7.12: Converters power response due to power step change
A new simulation is performed to observe the grid response to a PV step change
form 0 to the nominal value of 10 kW. Figures 7.13, 7.14 and 7.15 show the grid re-
sponse to the PV step change. This also confirms the design of the droop controller.
Large over-voltages and over-currents are avoided in the grid considering that the
step change is even more aggressive.
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Figure 7.13: Grid voltages in abc frame
The system response can be seen in Figure 7.16. In the second chart, the equal
power sharing between the converters can be observed. The slight difference be-
tween the voltage at the VSCs terminals and the voltage at the PV terminal repre-
sents the voltage drop across the cable.
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Figure 7.14: Grid currents response to power step change
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Figure 7.15: Grid power response to power step change
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Figure 7.16: System response to power step change
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8. Cost-Benefit Analysis of DC Mi-
crogrid
The following analysis aims to compare costs involved in AC and DC micro-
grid solutions. For this purpose a hypothetical scenario is considered described as
follows.
A small industrial facility, somewhere in United States, wants to take advantage
of its position with high solar radiation and to make an investment in a PV system
that will inject all the power into the grid. This company wants to install 30 kW
of solar panels on their rooftop, which will be connected to the AC grid in two
different points . They want to maximize their profit during the operation of the
plant (10 years) with the possibility of extending it for another 10 years.
Two solutions are proposed for connecting the PV system to the grid: through
an AC microgrid and a DC microgrid. Even though they are aware of technical
differences and difficulties, they want to know which solution is more attractive
from a financial perspective.
After a preliminary climate analysis of the sight, the company realized the it
rarely rains in the area and the solar radiation is high and mostly constant from one
day to another (especially during summer). Considering historical climate data, they
forecasted capacity factor during each period for this 10 year horizon as described
in Table 8.2
Table 8.1: Forecasted capacity factor
T=1 T=2 T=3 T=4 T=5 T=6 T=7 T=8 T=9 T=10
% 34.5 35.2 36 35.8 35 34.7 34.9 34 35 35.3
Also, after a market analysis they realized that the electricity price reflects the
daily peak-valley profile of demand.Based on historical data regarding the electric-
ity price [28], an increment of about 3% per year is selected. The electricity price,
at the beginning of the project, is 10.48 cents/kWh.[29]
Considering the fact that there are other sources in the area, the electricity de-
mand is fairly limited. So this solar plant can have some curtailment periods. But
for the upcoming years it is predicted that this demand will increase with approxi-
mately 3.5% per year.The current demand is around 60 MWh/year
8.1 AC microgrid
The first solution proposes to install the PV using an AC microgrid as described
in Fig.8.1.
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30 kW PV plant
Solar inverterTransformer
AC cable
AC cable
AC grid
AC grid
Figure 8.1: AC microgrid solution
The elements that make the object of initial investment, based on the schematic
in Fig.8.1 are: PV modules, inverter, AC cable and transformer. On top of that
labour costs and other taxes (such as grid connection tax) are added. Based on [30]
the cost for a PV module is estimated at 0.64$/W, the inverter is 0.13$/W, labor and
other equipments are 0.15$/W and taxes are 0.03$/W. The AC cable is provided by
[31]. The transformer cost is based on [32]. All costs are centralized in Table 8.2
making a total investment cost of 40754$
Table 8.2: AC microgrid costs
Element Cost(euros)
PV module 19200
Inverter 3900
Labor and equipment 4500
AC cable 10554
Transformer 1700
Taxes 900
The transformer is used as a galvanic isolation (requirement imposed by the
TSO). For this solution operating and maintenance costs are assumed to be around
400$ per year. They represent a worker hired for some working hours during the
year. The operating costs are assumed to be proportional with the sold energy,
monetizing the energy losses. They are assumed to be 1 % of the total energy
produced. The facility owners will consider a discount rate of 5 %. The cost benefit
analysis can be seen in detail in the Table 8.4.
8.2 DC microgrid
The second solution is to install the PV panels using a DC microgrid configura-
tion:
Elements that make the object for the initial investment are: PV modules, con-
verter, DC cable, and two transformers for galvanic isolation. Also taxes and labor
costs are added. These, together with the PV module and the converter have the
same price structure as in the previous case. The DC cable solution is provided by
[33]. These cables are specially designed for solar industry. The same transformer
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Figure 8.2: DC microgrid solution
is considered as in the previous case. The only difference is that in this system two
transformers are used. All costs are centralized in Table 8.3.
Table 8.3: DC microgrid costs
Element Cost(euros)
Module 19200
Converter 3900
Labor and equipment 4500
Taxes 900
DC cable 1925
Transformers 3400
VSCs 3360
For the DC microgrid solution the maintenance costs are assumed to be the same
as before (400 euros per year). The operating costs are assumed to be proportional
with the sold energy, monetizing energy losses. In this case it is technically proven
that DC microgrid systems have lower overall losses. According to [34] overall
loses in DC compared to AC systems are 8 % lower. So considering this, they are
assumed to be 0.92% of the total energy produced.
The discount rate will be similar, 5% and the total investment cost is summed
up to 37185$.The cost benefit analysis can be seen in detail in the Table 8.5.
8.3 Results
All informations in tables 8.4 and 8.5 are calculated based on the formulas in
the seminar [35]. By using the AC microgrid the company would an internal rate of
return (IRR) of 14% whereas with the DC solution, the IRR would be 16% making
it a more desirable solution. Payback for both solutions is sometime between year
6 and year 7.
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Table 8.4: Cost benefit analysis AC microgrid
Alternative A/Period 0 1 2 3 4 5 6 7 8 9 10
Installed power (kW) 30 30 30 30 30 30 30 30 30 30 30
Energy price yearly increase rate 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03
Energy price ($/kWh) 0.1048  0.1079  0.1112 0.115 0.118 0.121 0.125  0.1289  0.1328  0.1367 0.1408
Initial investment ($) 40754
Fix costs ($/year) 400 400 400 400 400 400 400 400 400 400 400
Variable costs (%of energy sold) 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Energy demand yearly increase rate 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03
Demand (kWh) 60000 61800 63654 65564 67531  69556 71643 73792 76006 78286 80635
Discount rate 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05
Period 0 1 2 3 4 5 6 7 8 9 10
Capacity factor 0.345 0.352 0.36 0.358 0.35 0.347 0.349 0.34 0.355 0.35
Available energy (kWh) 90666 92506 94608 94082 91980  91192 91717 89352 93294 91980
Energy generated (kWh) 61800 63654 65564 67531  69556 71643 73792 76006 78286 80635
Demand (kWh) 60000 61800 63654 65564 67531  69556 71643 73792 76006 78286 80635
Energy to be sold without losses (kWh) 61182 63017 64908 66855  68861 70927 73055 75246 77504 79829
Receipts ($) 0 6604.2  7006.4 7433 7885.8 8366 8876  9416.1  9989.5 10598 11243
Investments ($) 40754
Fix costs ($) 400 400 400 400 400 400 400 400 400 400 400
Energy losses (kWh) 618  636.54 655.6 675.31 695.6 716.4  737.92  760.06  782.86 806.35
Variable costs (energy losses) ($) 66.709  70.772 75.08 79.655 84.51 89.65  95.112 100.9  107.05 113.57
Total payments 40754  466.71  470.77 475.1 479.65 484.5 489.7  495.11 500.9  507.05 513.57
Cash flow ($) -40754  6137.5  6535.7 6958 7406.1 7882 8386  8920.9  9488.6 10091 10730
Acumulated Cash flow ($) -40754  -34616 -28081 -21123  -13717 -5835 2551 11472 20960 31051 41781
Actualized cash flow ($) -40754  5845.3 5928 6011 6093.1 6175 6258  6339.9  6422.2  6504.6 6587.1
Acumulated actualized cash flow ($) -40754  -34909 -28981 -22970  -16877 -10702 -4444 1896  8318.2 14823 21410
Table 8.5: Cost benefit analysis DC microgrid
Alternative A/Period 0 1 2 3 4 5 6 7 8 9 10
Installed power (kW) 30 30 30 30 30 30 30 30 30 30 30
Energy price yearly increase rate (%) 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03
Energy price ($/kWh) 0.1048  0.10794 0.11118 0.11452 0.118 0.1215 0.1251 0.1289 0.1328  0.13674  0.14084
Initial investment ($) 37185
Fix costs ($/year) 400 400 400 400 400 400 400 400 400 400 400
Variable costs (%of energy sold) 0.0092 0.0092 0.0092 0.0092 0.0092 0.0092 0.0092 0.0092 0.0092 0.0092 0.0092
Energy demand yearly increase rate 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03
Demand (kWh) 60000 61800 63654  65563.6 67531 69556 71643 73792 76006  78286.4 80635
Discount rate 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06
Period 0 1 2 3 4 5 6 7 8 9 10
Capacity factor 0.345 0.352 0.36 0.358 0.35 0.347 0.349 0.34 0.355 0.35
Available energy (kWh) 90666 92505.6 94608 94082 91980 91192 91717 89352 93294 91980
Energy generated (kWh) 61800 63654  65563.6 67531 69556 71643 73792 76006  78286.4 80635
Demand (kWh) 60000 61800 63654  65563.6 67531 69556 71643 73792 76006  78286.4 80635
Energy to be sold without losses (kWh) 61231.4  63068.4  64960.4 66909 68917 70984 73114 75307  77566.2  79893.1
Receipts ($) 0  6609.57 7012.09  7439.13 7892.2 8372.8 8882.7 9423.7 9997.6  10606.4  11252.3
Investments ($) 37185
Fix costs ($) 400 400 400 400 400 400 400 400 400 400 400
Energy losses (kWh) 568.56  585.617  603.185 621.28 639.92 659.12 678.89 699.26  720.235  741.842
Variable costs (energy losses) ($) 61.3726  65.1102  69.0754 73.282 77.745 82.48 87.503 92.832  98.4851  104.483
Total payments 37185  461.373 465.11 469.075 473.28 477.75 482.48 487.5 492.83  498.485  504.483
Cash flow ($) -37185  6148.19 6546.98  6970.05 7418.9 7895.1 8400.2 8936.2 9504.7  10107.9  10747.9
Acumulated Cash flow ($) -37185 -31037 -24490 -17520 -10101  -2205.8 6194.4 15131 24635  34743.2  45491.1
Actualized cash flow ($) -37185  5800.18 5826.79  5852.19 5876.5 5899.6 5921.8 5943.1 5963.4  5982.87  6001.55
Acumulated actualized cash flow ($) -37185 -31385 -25558 -19706 -13829  -7929.7  -2007.9 3935.1 9898.5  15881.4  21882.9
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Conclusions
A complete DC voltage droop design has been presented that considers different
dynamics of the DC microgrid. This methodology is based on a linearized model
of the complete system. Design examples for the other loops in the system are
presented (current loop, power loop and voltage loop). Based on the linearized
model, advance control techniques are applied to determine the best droop constants
to ensure that performance requirements are met (maximum DC voltage deviation
of 10% and a transient power of maximum 10% over the converters nominal power).
Then, the design procedure is validated through simulations of a three terminal DC
microgrid where a solar plant is connected to the grid through two different buses.
Simulation results show an adequate response of the system to the power step
change in the solar plant (representing the intermittent nature of solar radiation). DC
voltages are kept withing the specified limits. Linear and non linear models have
similar dynamics, confirming that the linear model is suitable for droop design.
This design process can be applied to any DC microgrid configuration, with minor
changes in the linear model and tunning process.
All simulations have been performed in Matlab/Simulink. Large and complex
linear and non linear models where created making the simulation process long and
with many errors till reaching the final and stable form. The droop controllers have
been tuned using an integrated tool in Simulink Library called system tuner. This
tool has many options regarding the tunning process, so finding the right setting was
a time consuming process. The battery model was not included in the simulation.
Simulation errors occurred when implementing the battery model. Since the focus
of the thesis is the control strategy, the battery model was kept aside for future work.
For more confirmation of the design process, a second simulation was attempted
with a four terminal DC microgrid (two solar plants are connected to two different
buses in the grid and interconnected between them) but with no success so far.
Future work implies a fault analysis of the system. When one of the converters
becomes unavailable, all the power will be sent through the other converter. It is
interesting to see how the system behaves in such a scenario. Also other microgrid
configurations with different distributed generation elements (such as batteries) are
to be analyzed. Different elements affect the system in a different way.
The work in this thesis has been validated through a paper developed in col-
laboration with Eduardo Prieto-Araujo, Enric Sánchez-Sánchez and Oriol Gomis-
Bellmunt. The paper is called "Design methodology of the primary droop voltage
control for DC microgrids" and it has been accepted for 2017 IEEE International
Conference on DC Microgrids (ICDCM).
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A. Appendix
A.1 Clarke Transformation
In electrical engineering, Clarke transformation (also known as αβ0 transfor-
mation) is a mathematical procedure to transform three phase quantities (abc ref-
erence) into αβ0 orthogonal reference frame. This procedure is used to simplify
three-phase circuits analysis. The transformation is defined as:
[xαβ0] = [Tαβ0][xabc] (A.1)
The inverse transformation is defined as:
[xabc] = [Tαβ0]
−1[xαβ0] (A.2)
where xabc contains quantities (currents or voltages) in abc reference frame, xαβ0
contains quantities in αβ0 reference frame and Tαβ0 is the transformation matrix.
A geometric representation of Clarke transformation is shown in Fig
α
β
a
b
c
120°
αβ plane
Figure A.1: αβ0 geometric representation
In a more explicit way, equations equations A.1 and A.2 can be expressed as:xαxβ
x0
= 2
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If we express this variables as voltages for example, they would look like:
A.2 Park Transformation
Even though αβ0 has benefits in lots of applications, for designing controllers it
is more useful to use constant quantities (or dq quantities). They are obtained using
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Figure A.2: Voltages in abc and αβ references
Park transformation as explained bellow:
[xdq0] = [Tdq0][xabc] (A.5)
The inverse transformation is obtained from:
[xabc] = [Tdq0]
−1[xdq0] (A.6)
where xabc contains abc variables, xdq0 contains dq variables and Tdq0 is Park trans-
formation matrix.
A geometric representation of the Park transformation can be seen in Fig.
α
β
a
b
c
q
d
qd plane
θ
Figure A.3: dq geometric representation
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Figure A.4: Voltages in abc and dq0 references
In a more explicit way, equations xx and xx can be written as:xdxq
x0
= 2
3
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xaxb
xc
 (A.7)
xaxb
xc
=
 cos(θ) sin(θ) 1cos(θ − 2pi3 ) sin(θ − 2pi3 ) 1
cos(θ + 2pi3 ) sin(θ +
2pi
3 ) 1
xdxq
x0
 (A.8)
If we express these variables as voltages they would look like:
A.3 Singular Value Decomposition
A matrix is considered a unitary matrix if:
UT =U−1 (A.9)
All eigenvalues for unitary matrix have an absolute value of 1 and all the singular
values are 1.
Any matrix A with the size m× n can be transformed into a singular value de-
composition as :
A =UΣV T (A.10)
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where U and V are unitary matrices with the size l× l and m×m and Σ is a diag-
onal matrix that contains non-negative singular values, σi arranged in descending
order[26]:
Σ=
[
Σ1
0
]
; l > m (A.11)
or
Σ=
[
Σ1 0
]
; m> l (A.12)
where
Σ1 = diag{σ1,σ2, ...,σk}; k = min(l,m) (A.13)
and
σk >, ....,> σ2 > σ1 (A.14)
The column vectors of V are called input singular vectors and the column vectors
of U are called are called output singular vectors. The singular values are positive
square roots of the largest eigenvalue of AAT and AT A, defined as:
σi(A) =
√
λi(AT A) =
√
λi(AAT ) (A.15)
